INTRODUCTION
============

Alzheimer\`s disease is the most common progressive neurodegenerative disease affecting millions of people worldwide. The Alzheimer's brain is marked by neurodegeneration, comprising loss of synapses and neurons particularly in areas associated with memory and learning. The extracellular deposition of amyloid-β peptide and intracellular formation of neurofibrillary tangles are other consistent inscriptions in the brains of patients affected by the disease \[[@R1]\]. Simultaneously with these brain pathological hallmarks, an abnormal metabolism of amyloid precursor protein (APP) with amyloid-β deposition in non-neuronal tissues (e.g. skeletal muscle) were detected in both human and animal models of Alzheimer\`s disease \[[@R2], [@R3]\]. Additionally, Alzheimer's patients exhibit frequently a progressive decline in muscle strength and activity associated with a great reduction in skeletal muscle mass, which contribute to the disability and loss of functional independence of the individuals \[[@R4]\]. In fact, abnormal body weight loss and cachexia are clinical features of Alzheimer\`s disease patients \[[@R5]\]. Although the causes underlying body weight loss remain unknown, experimental data indicated that progressive brain atrophy and the cognitive shortfall in Alzheimer's patients are positively correlated with the loss of muscular mass suggesting that dysfunctions in brain and skeletal muscle may emerge from common mechanisms \[[@R4]\]. Therefore, it was postulated that Alzheimer\`s disease may be associated with a deficiency in the regulation of energy metabolism \[[@R6], [@R7]\]. In fact, the loss of the homeostatic control of energy metabolism due to mitochondrial dysfunction has been implicated as the common cause underling both brain and skeletal muscle dysfunctions detected in Alzheimer\`s disease subjects \[[@R8], [@R9]\].

The progressive atrophy and depletion of cholinergic system is another important inception of Alzheimer's pathophysiology as supported by human postmortem brain analyses and by *in vivo* studies using advanced imaging techniques \[[@R10]-[@R13]\]. Depressed acetylcholinesterase (AChE) activity in brain cortical regions and the atrophy of the nucleus basalis of Meynert (the main source of the cholinergic neurotransmitter acetylcholine) were correlated with cognitive deficits measured by dementia rating scales in Alzheimer's patients \[[@R14]\]. In fact, the recognition of a progressive decline in brain acetylcholine levels \[[@R15], [@R16]\] led to the use of AChE inhibitors as valuable therapeutic agents for Alzheimer\'s disease treatment \[[@R17]\].

Although AChE inhibitors (e.g. tacrine and analogs) increase cholinergic transmission, these compounds have modest and transient therapeutic effects \[[@R18]\]. The weak therapeutic benefits obtained with AChE inhibitors should result from the combination of several factors, including their brain toxic effects emerging from changes in lipid composition of mitochondria with significant cellular bioenergetics repercussions \[[@R19]\], and the impairment of other acetylcholine-mediated biological functions besides its involvement in cholinergic neurotransmission \[[@R20]\]. It is noteworthy that AChE exist in both cholinergic and non-cholinergic brain areas, being present in different oligomerization states or molecular forms (tetramers, dimers and monomers) and exhibiting cell-specific expression patterns \[[@R21]\]. Alzheimer\'s disease progression is associated with the selective loss of AChE tetramers preserving or even increasing the levels of dimeric and monomeric forms \[[@R22],[@R23]\], which are apparently correlated with tau hyperphosphorylation and amyloid-beta overproduction \[[@R24]-[@R26]\]. Additionally, overall AChE activity in Alzheimer's brains appears to be slightly decreased than in age-matched control brains, as demonstrated by studies in both human and animal models \[[@R27], [@R28]\]. On the other hand, the globular tetramers of AChE are bound to plasma membrane \[[@R29]\], and consequently their stability and activity is modulated by the biophysical properties of host membranes which are dependent of lipid composition. Therefore, the cholinergic system may be also perturbed by changes in lipid composition of the cell membranes where AChE is attached (e.g. neurons and skeletal muscles cells). In fact, changes in lipid profile of brain cell membranes were detected and considered as a characteristic feature of Alzheimer\`s phenotype \[[@R30], [@R31]\].

Considering the relevance of cholinergic system in regulating muscle activity, it is expected that skeletal muscle dysfunction associated with abnormal body weight loss detected in Alzheimer\'s patients may result from anabnormal regulation of the cholinergic system. In this study we used the triple transgenic mouse model of Alzheimer's disease (3xTg-AD) in order to analyze the pathophysiological impact of the disease progression on skeletal muscle functionality by focusing three aspects: i) AChE activity; ii) redox state of muscle cells by evaluating superoxide dismutase (SOD) and catalase activities and total sulfhydryl content; iii) mitochondrial bioenergetics activity and its putative relationship with fatty acid profile changes. Additionally, the phospholipid profile of skeletal muscle tissue was evaluated in animals with 12 months of age that already exhibit the brain pathological hallmarks of the disease, deposits of amyloid-β peptide and neurofibrillary tangles.

MATERIAL AND METHODS
====================

Animal Care
-----------

Animal experiments were conducted according to the National (DL 129/92; DL 197/96; P 1131/97) and European Convention for the Protection of Animals used for Experimental and Other Scientific Proposes and related European Legislation (2010/63/EU). Male nontransgenic (nonTg; C57BL6/129S) and triple transgenic (3xTg-AD) mice for Alzheimer's disease were obtained from the Center for Neuroscience and Cell Biology (CNC) Animal Facility, University of Coimbra. Animals were bred and maintained at the Veterinary Hospital of the University of Trás-os-Montes e Alto Douro and were housed in polycarbonate cages on a 12 h light/dark cycles. Room temperature was maintained at 24±2 ºC with relative humidity 55±5%. Food and water were provided *ad libitum.*The characterization of amyloid and tau pathologies has been described previously in this model \[[@R32]\] and confirmed regularly in our colony. In the present work male mice with 3 (pré-synptomatic age), 6 (emergence of amyloid-β pathology) and 12 (emergence of tau pathology) months-old were used, considering the following experimental design: in each time point, each n corresponds to 3 animals with same age, coming from 3 distinct litters. Thus for this study were required nine litters and, at least, 3 mice of each one were used (1 grown until 3 months of age, 1 grown until 6 months of age and 1 grown until 12 months of age) in order to minimize the effects of the genomic diversity within each group.

Determination of Acetylcholinesterase (AChE) Activity in Skeletal Muscle
------------------------------------------------------------------------

Mitochondria-free cytosolic fractions were obtained from nonTg and 3xTg-AD skeletal muscle after tissue homogenization and centrifugation at 16000 x *g* for 20 minutes at 4 ºC (Sigma 2K-16). The pellet was discharged and the supernatant (mitochondria-free cytosolic fraction) was used for the enzymatic assays. The protein concentration of supernatants was determined by the biuret method using bovine serum albumin as a standard \[[@R33]\]. AChE activity was evaluated as function of substrate concentration, using seven concentrations of acetylthiocholine iodide, to determine the Michaelis-Menten kinetic parameters Km (Michaelis constant) and V~max~ (maximal velocity), as previously described \[[@R19]\].

Amyloid-β~1-40~Enzyme-Linked Immunosorbent Assay (ELISA)
--------------------------------------------------------

Amyloid-β~1-40~levels were quantified in mitochondria-free cytosolic fractions using Human amyloid-β~1-40~ELISA kit (Invitrogen). Mitochondria-free cytosolic fractions were obtained from skeletal muscle homogenates as described above (see AChE activity) supplemented with a protease inhibitors cocktail (SIGMA-ALDRICH). Mitochondria-free cytosolic fractions were diluted (1:2, v/v) in an appropriate Standard Diluent Buffer provided by the manufacturer and supplemented with AEBSF (Protease Inhibitor Cocktail Set I, Calbiochem, La Jolla, CA). The following steps of ELISA were performed according to manufacturer's protocol. The absorbance was read at 450 nm and the concentrations in the muscle samples were calculated from standard curves. Results were expressed as pg/ mg of protein.

Determination of Enzymatic Antioxidant Defenses and Total Sulfhydryl Content
----------------------------------------------------------------------------

Skeletal muscle antioxidant enzymatic defenses (SOD and catalase) and total sulfhydryl groups content were evaluated in mitochondria-free cytosolic fractions from nonTg and 3xTg-AD mice skeletal muscle.

Copper-zinc SOD (CuZn-SOD) activity was evaluated using 0.5 mg of protein into phosphate buffer (50 mM KH~2~PO~4~, 1mM EDTA, pH 7.4) supplemented with 0.1 mM nitro blue tetrazolium (NBT) and 0.1 mM hipoxantine \[[@R34]\]. Absorbance was measure in a Cary 50 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 560 nm after adding 0.023 U mol^-1^xanthine oxidase. The values were expressed as U act/mg protein in which U expresses the enzyme activity that inhibit the reduction of NBT to blue formazan by 50%.

Catalase activity was determined polarographically following the oxygen production using a Clark-type oxygen electrode (Hansatech, Norfolk, UK) resulting from H~2~O~2~ decomposition \[[@R35]\]. The reaction was conducted in 1 mL of 50 mM sodium phosphate buffer (pH 7.0) supplemented with 0.1 mg of protein and initiated by adding 1 M H~2~O~2~. Catalase activity was expressed in terms of nmol O~2~ produced per minute per milligram protein.

Total sulfhydryl content (protein SH groups and reduced glutathione, GSH) was evaluated spectrophotometrically using 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB, Elman's reagent Reagent), as previously described \[[@R36]\]. Samples (0.3 mg of protein) were incubated at room temperature in 2 mL of phosphate buffer (100 mM potassium phosphate, pH 8.0) supplemented with DTNB reagent (5 mM) for 15 minutes. Then, the absorbance of the produced yellow-colored thiolate, 5-thio-2-nitrobenzoic acid (TNB), was evaluated at 412 nm, using a Cary 50 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The total sulfhydryl content in samples was calculated using a standard curve prepared with different concentration of GSH (0 and 250 μM), which underwent the same sample treatment. The values were expressed as moles of GSH equivalents per milligram of protein.

Skeletal Muscle Mitochondria Isolation and Mitochondrial Respiration
--------------------------------------------------------------------

Mitochondria were isolated from skeletal muscle homogenates from nonTg and 3xTg-AD mice by differential centrifugation, as previously described \[[@R37]\], with some modifications. Briefly, intercostal and leg skeletal muscles were quickly removed, cut in small pieces and incubated for 3 minutes with 0.15 mg/ml trypsin from bovine pancreas (Type I sibma 8003) and then homogenized at 4 ºC in isolation medium (250 mM sucrose, 5mM HEPES, 0.2 mM EGTA, 0.1 mM EDTA, pH 7.4). Skeletal muscle homogenates were centrifuged at 12000 x *g*for 10 minutes at 4 ºC (Sigma 2K-16). The pellet was recovered, resuspended in BSA enriched medium (250 mM sucrose, 5 mM HEPES, 0.2 mM EGTA, 0.1 mM EDTA, 0,2% BSA, pH 7.4) and centrifuged at 800 x*g* for 10 minutes. The supernatant was filtered through a gauze and centrifuged at 12000 x *g* for 10 minutes. Mitochondrial pellet was then re-suspended in washing medium (250 mM sucrose, 5 mM HEPES, 1 mM ATP, pH 7.4) and re-centrifuged at 12000 x *g* for 10 minutes. Total protein content of samples was determined by the Biuret method \[[@R33]\]. Oxygen consumption of fresh skeletal muscle mitochondria was monitored polarographically with a Clark-type oxygen electrode (Hansatech, Norfolk, UK). The assays occurred at 30 ºC in 1 mL of reaction buffer containing 130 mM sucrose, 50 mM KCl, 5 mM MgCl~2~, 5 mM KH~2~PO~4~ and 5 mM HEPES, at pH 7.2, and supplemented with 1 mg of mitochondrial protein. Mitochondria were energized with 5 mM pyruvate/5 mM malate. ADP (100 nmol/mg of protein) was added to initiate state 3 respiration. After ADP phosphorylation respiration enter in a resting state (state 4 respiration). Oxygen consumption was expressed as nmol O~2~/min./mg of protein. Respiratory control ratio (RCR) is defined as the ratio of state 3 to state 4 respiratory rates. ADP/O index is expressed by the ratio between the amount of ADP added and oxygen consumed during respiratory state 3.

Determination of Adenine Nucleotide Levels
------------------------------------------

At the end of each respiration assay, 500 µL of 0.3 M perchloric acid were added into 500 µL of each sample and then centrifuged at 16000 x*g* for 10 minutes. Resulting supernatants were neutralized by adding 1 M KOH in 5 mM Tris and again centrifuged at 16000 x*g* for 2 minutes. Supernatants were filtered into a new tubes and analyzed. Adenine nucleotide levels were accessed by separation in a reverse phase high performance liquid chromatography (HPLC) through a Lichrospher 100 RP 18 (5 µm) column in a Beckman-System Gold. An isocratic elution with 100 mM phosphate buffer (KH~2~PO~4~; pH 6.5) supplemented with 1.2% methanol was performed with a flow rate of 1 ml/min and the detection wavelength was set at 254 nm, as previously described \[[@R38]\].

Mitochondrial Respiratory Chain Complexes Activities
----------------------------------------------------

All assays were carried out using 0.3 mg of mitochondrial protein on a controlled temperature (30 ºC) according to previously described methods \[[@R39]\]. Complexes I, II, IV and F~o~F~1~-ATPase activities were normalized to citrate synthase activity (CS) which was performed at 412 nm following the reduction of DTNB (OD 13600 M^−1^ cm^−1^) in a buffer containing 200 mM Tris-HCl, pH 8.0, 0.01 mM DTNB, 0.02% Triton X-100, 1 mM oxaloacetate and 0.37 mM Acetil-CoA. Briefly, complex I (NADH: ubiquinone oxidoreductase) activity was monitored following the oxidation of NADH in a Varian Eclipse fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 450 nm, setting excitation at 366 nm. The assay buffer consisted of 25 mM KH~2~PO~4~, 10 mM MgCl~2~, pH 7.4, supplemented with 1 mM KCN and 50 µM NADH. The reaction was initiated by adding 162.5 µM decylubiquinone. The enzyme activity was determined by the difference between the slopes before and after 3.0 µM rotenone (specific complex I inhibitor) addition. This value was expressed in arbitrary units/min./mg. Complex II (succinate dehydrogenase) activity was monitored at 600 nm by following the reduction of 6,6-dichlorophenolindophenol (DCPIP) (OD 19100 M^−1^ cm^−1^) in potassium phosphate buffer (25 mM, pH 7.4) containing, 2 mM KCN, 6.5 µM rotenone, 6.5 µM antimycin *A*, 0.05 mM DCIP and 0.1 mM decylubiquinone. The reaction was initiated by adding 20 mM succinate and stopped 5 minutes later by adding 0.5 mM oxaloacete (complex II inhibitor). Complex IV (Cytochrome *c* oxidase) activity was determined evaluating oxygen consumption in a Clark-type oxygen electrode (Hansatech, Norfolk, UK) in 1 mL standard a buffer (130 mM sucrose, 50 mM KCl, 5 mM MgCl~2~, 5 mM KH~2~PO~4~ and 5 mM HEPES, pH 7.2) supplemented with 3 µM rotenone, 0.1 µM antimycin A (inhibitor of complex III) and 15 µM cytochrome *c*. Oxygen consumption was stopped by adding 2 mM KCN (specific inhibitor of complex IV) and specific complex IV activity was expressed as nmol O~2~/min./mg protein. F~o~F~1~-ATPase activity was evaluated by measuring the pH changes associated with transmembrane proton translocation resulting from ATP hydrolysis in a Kipp and Zonen recorder (Omni Instruments, Dundee, UK). The assay buffer (130 mM sucrose, 60 mM KCl, 0.5 mM Hepes and 2.5 mM MgCl~2~, pH 7.0) was supplemented with 3 µM rotenone and the reaction was initiated by adding 2 mM ATP-Mg. At the end, a standard solution of HCl was used to calibrate the assay. Only the oligomycin (2 μg/mg mitochondrial protein) sensitive rate was considered.

Lipid Extraction and Phospholipid Quantification
------------------------------------------------

Phospholipids extraction was performed according to Bligh and Dyer method with some modifications, as previously described \[[@R39]\], using a solvent combination of methanol/chloroform/water (2:1:0.8, v/v/v) and then phospholipid content was determined according to the method outlined by Bartlett and Lewis \[[@R40]\]. In brief, lipid samples (50 - 100 µL) were incubated at 180 ºC for 2 h with 0.65 mL of concentrate perchloric acid (70%, w/v). After cooling down 3.3 mL of H~2~O, 0.5 mL of 1% (w/v) ammonium molybdate and 4% (w/v) ascorbic acid were added to all samples, followed by incubation at 100 ºC for 10 minutes in a water bath. Absorbance was then measured at 800 nm in a Varian Cary 50 spectrophotometer. Phosphorous concentration in each sample was determined using standards ranging from 0 to 250 nmol phosphate.

Preparation of Fatty Acid Methyl Esters
---------------------------------------

Fatty acid methyl ester (FAME) from mitochondrial lipid extract was obtained by acid catalyzed transmethylation \[[@R41]\]. The mitochondrial lipid extract (400-900 nmol) was dissolved in 5 mL 5 % (v/v) of HCL in methanol (freshly prepared) and 10 mM C~17:0~was used as internal standard. The mixture was vigorously vortexed for 1 minute and incubated at 70 °C for 120 minutes. After cooling down, 5 mL n-hexane were added and mixed followed by centrifugation at 2000 x *g*for 5 minutes. The organic phase (hexane containing FAME) was collected, dried with Na~2~SO~4~anhydrous, filtered and evaporated under a stream of nitrogen. The dry residue was solubilized in a small volume of n-hexane.

Fatty Acid Composition Analysis
-------------------------------

The hexane FAME solution was analyzed by Gas Chromatography (GC), using a Thermo Finningan-Trace Gas Chromatograph connected to the mass spectrometer Polaris Q MSn equipped with an Ion Trap analyzer. The column used was a Supelcowax 10 M (30 m, 0.32 mm I.D., 0.50 mm film thickness, 0.45 mm O.D.) from Supelco, Bellefonte, Pennsylvania, USA. Injections were made in splitless mode (1 minute) with an injection volume of 1 mL. The column oven temperature was settled at an initial value of 140 °C (1 min hold), increased to 240 °C with a ramp of 2.0 °C/minutes (9 minutes hold), and finally increased to 280 °C with a ramp of 4.0 °C/minute. Total runtime was 70 minutes using Helium as the carrier gas, at a constant flow of 1 mL/minute. The injector temperature was set at 250 °C. Data acquisition and treatment of results were carried out with an Xcalibur data system (V2.0, ThermoFinnigan, San Jose, CA, USA). Fatty acids were identified by comparison with retention time and fragmentation profile of reference standard mixtures FAME 37 (Supelco 37 Component FAME Mix) and quantified using the peak area of the internal standard. The peroxidability index and un-saturation index (UI) were calculated as previously described \[[@R41]\].

Separation of Phospholipids Classes by Thin-Layer Chromatography (TLC)
----------------------------------------------------------------------

TLC was used to separate phospholipid classes present in the lipid crude extracted from homogenized skeletal muscle tissue of mice with 12 months of age. Before use, silica plates were washed with chloroform/methanol (1:1, v/v) and treated with 2.3% (w/v) boric acid in ethanol. The plates with spots containing between 20 and 30 µg of phosphorous were developed in solvent mixture chloroform/ethanol/water/triethylamine (35:30:7:35, v/v/v/v). Lipid spots were visualized with a UV lamp (λ=254 nm) after primuline (50 µg/100 mL in acetone/water, 80:20; v/v) detection. Phospholipid classes present in each TLC spot was identified by phospholipid standards comparison, scraped off the plates to proceed to lipid extraction and quantification. Additionally, cardiolipin (CL) lipid extracts from TLC spots were directly analyzed by ESI-MS in negative mode in an electrospray linear ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA), following the conditions indicated below for lipid analysis in negative ion mode. CL MS analysis were performed in three independent samples.

Separation and Quantification of Phospholipid Classes by High Pressure Liquid Chromatography - Mass Spectrometry (HPLC-MS)
--------------------------------------------------------------------------------------------------------------------------

Characterization of individual molecular species within each phospholipid class was achieved by mass spectrometry after separation by liquid chromatography using an HPLC-MS system (ThermoFinnigan, San Jose, CA, USA) and Luna column (150 × 2.0 mm, 3 µm; Phenomenex). The mobile phase A consisted of 10% water, 10% chloroform, 45% acetonitrile and 35% methanol (v/v). The mobile phase B consisted of 50% acetonitrile, 10% chloroform, 40% methanol with 10 mM amonium acetate. Solvents gradient started with 100% of phase A followed by a linear decrease to 100% of phase B during 20 minutes, and held isocratically for 35 minutes, returning to the initial conditions in 5 minutes. The flow rate through the column was 200 µL/minutes obtained using a pre-column split (Acurate, HPLC Packings, USA). Mass electrospray analysis was done using the following parameters: source voltage, 5 kV, positive mode, 4.7 kV, negative mode, source temperature, 285 ºC, sheath gas flow, 8 U, source current, 100 ua, capillary voltage, 10 V, positive mode, -43 V negative mode. An isolation with of 0.5 Da was used with a 30-ms activation time for MS/MS experiments. Data acquisition and treatment of results were carried out with an Xcalibur data system (V2.0, Thermo Finnigan, San Jose, CA, USA). Quantitation of individual molecular phospholipid species were calculated by determining the ratio of the peak area of each molecular specie to the corresponding internal standard added to samples prior to lipid extraction. Phospholipid internal standards were used with fatty acid chains as follows: phosphotidylcholine, PC (14:1/17:0); sphingomielyn, SM (d18:1/12:0); phosphatidylinositol, PI (14:1/17:0); phosphatidylethanolamine, PE (14:1/17:0); phosphatidic acid, PA (14:1/17:0); phosphatidylserine, PS (14:1/17:0) and CL ((15:0)~3~/16:1), all obtained from Avanti polar lipids.

Statistical Analysis
--------------------

All the data presented in this study correspond to the mean value of n experiments ± SD, with n≥3. Data sets were analyzed by one-way ANOVA test with Student-Newman-Keuls *post hoc* comparisons. Statistical significance was attained at p\<0.05.

RESULTS
=======

AChE Activity in Skeletal Muscle Tissue
---------------------------------------

Fig. (**[1](#F1){ref-type="fig"}**) shows the AChE activity in mitochondria-free cytosolic fractions prepared from skeletal muscle of nonTg and 3xTg-AD mice with 3 (Fig. **[1A](#F1){ref-type="fig"}**), 6 (Fig. **[1B](#F1){ref-type="fig"}**) and 12 (Fig. **[1C](#F1){ref-type="fig"}**) months of age, as function of substrate concentration, which follows a Michaelis-Menten kinetics equation, with the values of apparent kinetic parameters (Km and V~max~) as function of age displayed in Fig. (**[1D](#F1){ref-type="fig"}** and **[1E](#F1){ref-type="fig"}**), respectively. The Michaelis-Menten kinetic equation fits reasonably well with the experimental data as reflected by low χ2 values, approaching zero, and high correlation factors (R) (Supplementary Table **1**). Although Km values are similar in both groups, V~max~values obtained for 3xTg-AD mice are significantly lower than those obtained with age-matched nonTg mice (Fig. **[1](#F1){ref-type="fig"}**). These results suggest that even though the maximal skeletal muscle AChE capacity to hydrolyze acetylcholine is decreased by the pathological situation, the substrate's affinity by the enzyme is preserved. Considering the aging effects on the AChE kinetic parameters, it is evident in both nonTg and 3xTg-AD mice that V~max~ suffer a slight increase between 3 and 6 months of age followed by a pronounced decrease at 12 months of age. Curiously, the maximal capacity of the skeletal muscle AChE to hydrolyze acetylcholine exhibited by nonTg mice with 12 months of age is similar to that exhibited by 3xTg-AD mice with 6 months of age (Fig. **[1](#F1){ref-type="fig"}**).

Enzymatic Antioxidant Defenses and Total Sulfhydryl Content in Skeletal Muscle Tissue
-------------------------------------------------------------------------------------

SOD and catalase activities and total sulfhydryl groups content were evaluated in skeletal muscle mitochondria-free cytosolic fractions of nonTg and 3xTg-AD mice with 3, 6 and 12 months of age in order to assess the impact of aging and Alzheimer\`s disease evolution on oxidative changes in skeletal muscle tissue. As shown in Fig. (**[2](#F2){ref-type="fig"}**), SOD activity as well as the total sulfhydryl groups in skeletal muscle cytosolic fractions obtained from nonTg and 3xTg-AD mice are similar for the three ages under study. On the other hand, catalase activity in 3xTg-AD mice are significantly decreased (at least of 50%) when compared with age-matched controls. Even though these data may suggest that 3xTg-AD mice have an increased susceptibility to oxidative stress due to lower antioxidant enzymatic activity, total sulfhydryl groups (that include SH groups of proteins and GSH) content analyses ruled out an accumulation of oxidative damage in skeletal muscle proteins associated to disease progression. Aging effects on SOD and catalase are reflected in the significant increase in the activity of these enzymes, particularly evident between 3 and 6 months of age, where SOD and catalase activities increased more than 2 fold in nonTg group and about 2 and 1.8 fold, respectively, in 3xTg-AD group. Regarding reactive sulfhydryl groups content, it is detected an age-dependent decrease, reaching statistical significance at 12 months of age in both nonTg and 3xtg-AD mice (Fig. **[2](#F2){ref-type="fig"}**).

Amyloid-β~1-40~ Peptide in Skeletal Muscle Tissue
-------------------------------------------------

The accumulation of amyloid-β~1-40~peptide in skeletal muscle of both Alzheimer\`s disease patients and animal models has been considered an important feature of abnormal APP metabolism in peripheral tissues \[[@R9], [@R42]\]. Thus, we evaluated the amyloid-β~1-40~levels in skeletal muscle using ELISA specifically for human amyloid-β~1-40~ in nonTg and 3xTg-AD mice with 3, 6 and 12 months of age. As shown in (Table**[1](#T1){ref-type="table"}**), skeletal muscle amyloid-β~1-40~levels increase with age in 3xTg-AD mice reaching statistical significant differences at 6 and 12 months of age compared to age-matched nonTg mice. In contrast, nonTg mice do not present an age-dependent alteration in amyloid-β~1-40~levels. Although brain presence of both senile plaques (amyloid-β pathology) and neurofibrillary tangles was confirmed by immunohistochemistry in animals with 14 months of age coming from a litter used in this work \[[@R43]\], our immunohistochemistry assays did not allow to confirm their presence in skeletal muscle tissue (data not shown).

Skeletal Muscle Mitochondrial Bioenergetics
-------------------------------------------

The mitochondrial respiration was stimulated by adding pyruvate/malate and ADP to determine the ADP-stimulated respiration rate (state 3), while state 4 respiration rate was assessed after total ADP phosphorylation. Oxygen consumption rate in state 3 and state 4, RCR and ADP/O ratios as well as ATP and ADP levels are shown in (Table **[2](#T2){ref-type="table"}**). In 3xTg-AD group, only at 12 months of age skeletal muscle mitochondria exhibit lower RCR (nonTg 6.03±1.00, 3xTg-AD 4.09±0.58) and ADP/O (nonTg 2.41±0.40, 3xTg-AD 1.94±0.27) ratios, resulting from a decrease in state 3 and an increase of state 4 respirations. At this age, low ATP production by mitochondria isolated from 3xTg-AD mice (Table **[2](#T2){ref-type="table"}**) confirm that their ability to couple oxygen consumption to ADP phosphorylation during state 3 of respiration is compromised. Mitochondrial complexes I, II, and IV and F~o~F~1~-ATPase activities were evaluated and normalized with CS activity in order to discern between mitochondrial dysfunction and simple differences in the mitochondria content of the preparations used to assess the enzymes activities \[[@R44]\]. Additionally, CS normalized data also show a correlation between enzymatic activities and the morphometric characteristic of mitochondria in skeletal muscle tissue \[**[@R44]**\]. Fig. (**[3](#F3){ref-type="fig"}**) displays the skeletal muscle mitochondrial complexes activities of nonTg and 3xTg-AD mice with 3, 6 and 12 months of age. Differences between nonTg and 3xTg-AD groups are only detected at 12 months of age with a significant decrease of complex I activity in 3xTg-AD mitochondria (nonTg 2.42±0.25, 3xTg-AD 1.44±0.29). Fig. (**[3](#F3){ref-type="fig"}**) shows that aging is characterized by enzyme specific alterations. Complex I and complex IV activities tend to increase with age while complex II and F~o~F~1~-ATPase reach their maximum activity at 6 months of age.

Fatty Acids Profile of Skeletal Muscle Mitochondria
---------------------------------------------------

Fatty acids profile of skeletal muscle mitochondria obtained from 3xTg-AD and respective age-matched nonTg mice is displayed in Fig. (**[4](#F4){ref-type="fig"}**) and the age-related changes in fatty acids profile are shown in Supplementary Fig. (**1**). At 3 months of age, mitochondria from 3xTg-AD mice exhibit higher monounsaturated fatty acids (MUFA) content, as a consequence of a significant increase in the relative abundance of oleic acid (C18:1). Additionally, at this age, the pathological condition is characterized by a significant decrease on the relative abundance of C18:0, C14:1, C20:4n-6 and C22:6n-3 in mitochondrial membranes (Fig. **[4A](#F4){ref-type="fig"}**). The changes in the relative abundance of those fatty acids promote a decrease in the peroxidability and un-saturation indexes, which reflect a lower susceptibility to lipid peroxidation (Fig. **[4D](#F4){ref-type="fig"}**). Curiously, at 6 months of age mitochondria from 3xTg-AD mice exhibit a fatty acids profile characterized by a significant recuperation of all fatty acids depressed at 3 months of age. Furthermore, the relative abundance of C20:4n-6 becomes significantly higher than in nonTg animals. On the other hand, mitochondria from 3xTg-AD mice are deficient in MUFA and n-3 polyunsaturated fatty acids (PUFA), resulting from decreased C16:1 and C18:3n-3 contents, respectively (Figs. **[4](#F4){ref-type="fig"}**, **[4D](#F4){ref-type="fig"}**). At12 months of age, C16:1 and C22:6n-3 fatty acids are significant augmented in mitochondria from 3xTg-AD mice promoting an increase of n-3 PUFA and peroxidability index (Figs. **[4C](#F4){ref-type="fig"}**, **[4D](#F4){ref-type="fig"}**).

Phospholipid Profile of Skeletal Muscle Tissue from Mice with 12 Months-Old
---------------------------------------------------------------------------

In order to evaluate putative changes in the phospholipid profile of skeletal muscle tissue associated with Alzheimer\`s disease, we used lipid extracts obtained from skeletal muscle homogenates from animals with 12 months of age, since it is only at this age that amyloid-β deposits and hyperphosphorylated tau, the histopathological hallmarks of the disease, are present in 3xTg-AD mice brains \[[@R32]\]. Separation of phospholipid classes was accomplished by HPLC-MS permitting the fractionation and identiﬁcation of lyso-phosphatidylcholine (LPC), sphingomyelin (SM), phosphati

dylcholine (PC), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE), cardiolipin (CL). Each phospholipid specie was quantified determining the ratio of its peak area in MS-chromatogram to the respective internal standard and, its relative abundance in skeletal muscle tissue was determined after normalization by the total phosphorus amount in lipid extract. It is important to note that all species identified account for approximately 95% and 97% of the total phospholipids obtained in nonTg and 3xTg-AD samples, respectively. The relative abundance of each class of phospholipids in skeletal muscle membranes is shown in Fig. (**[5](#F5){ref-type="fig"}**). In both nonTg and 3xTg-AD lipid extracts, the most abundant phospholipids are PC followed by PE, which together comprise about 62% and 55% of the total phospholipid content, respectively. Lipid class composition of skeletal muscle tissue clearly changes in Alzheimer\`s disease by the specific replacement of one class by another. The relative abundance of LPC in skeletal muscle of 3xTg-AD mice increases 100% and this increase compensates the 12% decrease in PC. Since, the relative abundance of choline-containing phospholipids (LPC + PC + SM) is essentially preserved in 3xTg-AD mice (nonTg 56.2%, 3xTg-AD 55.1%), the higher LPC content suggests that phospholipases A~2~(PLA~2~) activity is significantly enhanced in skeletal muscle of 3xTg-AD animals with an expected impact on lipid signaling processes .On the other hand, in skeletal muscle of 3xTg-AD mice, PE content is decreased by 12% while the anionic phospholipid PI is increased by 15% (Fig. **[5](#F5){ref-type="fig"}**).

Lipid extracts of skeletal muscle tissue from nonTg and 3xTg-AD mice with 12 months of age were also analyzed by HPLC-MS/MS in both positive- and negative-ion modes. Typical positive-ion ESI mass spectra and the relative abundance of the most representative molecular species of LPC, SM and PC is shown in Fig. (**[6](#F6){ref-type="fig"}**). Additionally, structural information of choline-containing lipids was obtained by analyzing the MS/MS fragmentation pattern of the detected *m/z* ions in order to identify the distribution of acyl chains for each one. Qualitative analysis show that lipid profile of choline-containing lipids of 3xTg-AD mice skeletal muscle is comparable to that of control animals since both groups exhibit the same individual species of PC, LPC and SM phospholipids. However, detailed quantitative analysis emphasizes that choline phospholipids metabolism is significantly affected by Alzheimer\`s-like pathology. Relative abundance of LPC molecular specie with *m/z* at 496 (16:0), 518 (18:3), 520 (18:2), 522 (18:1), 524 (18:0), 542 (20:5), 546 (20:3), 548 (20:2) and 570 (22:5) are significantly higher in 3xTg-AD mice (Fig. **[6C](#F6){ref-type="fig"}**). On the other hand, the relative abundance of PC molecular species at *m/z* 782.7 (36:4), 806.5 (38:6), 810.6 (38:4), 834.7 (40:6) and 872.8 (42:1) is significantly decreased while the relative abundance of the molecular species at *m/z* 854.5 (42:10), 878.5 (44:12), 868.5 (42:3), 870.5 (42:2), 874.6 (42:0) and 822.6 (40:5) are increased in 3xTg-AD mice compared with age-matched nonTg mice (Fig. **[6D](#F6){ref-type="fig"}**). Our results also suggest that the loss of arachidonic acid (C20:4n-6) of specific PC molecular species is associated with the increased level of LPC species. For example, the enzymatic cleavage of arachidonic acid from PC ions at *m/z* 782 (16:0/20:4) and 806(18:2/20:4) generate

LPC ions at *m/z* 496 (16:0/0:0) and 520 (18:2/0:0), respectively (Fig. **[6](#F6){ref-type="fig"}**, Supplementary Table **2**).

Individual molecular species within PI, PS, PE and CL phospholipid classes from nonTg and 3xTg-AD mice skeletal muscle were analyzed in negative ionization mode and typical negative-ion ESI mass spectra are depicted in Figs. (**[7A](#F7){ref-type="fig"}** and **[8A](#F8){ref-type="fig"}**). PI molecular profile of nonTg and 3xTg-AD mice consists of 3 different species with corresponding *m/z* at 885.6 (38:4), 887.8 (38:3) and 909.6 (40:6) (Supplementary Table 3). Even though molecular species diversity and fatty acids distribution within individual molecular species are similar between experimental groups, quantitative analysis reveals that the relative abundance of PI molecular species at *m/z*885.6 (38:4) and 909.6 (40:6) are respectively increased and decreased in 3xTg-AD mice (Fig. **[7B](#F7){ref-type="fig"}**). Likewise, HPLC-MS/MS analysis in negativeion mode shows that quantitative distribution of individual molecular species within PS, PE and CL phospholipid classes is altered in 3xTg-AD mice when compared with nonTg mice. PS profile exhibits significant changes in the relative abundance of molecular diacyl-PS species at *m/z* 844.5 (40:1), 864.5 (42:5) and 892.5 (44:5) and plasmalogens species at *m/z*792.7 (o38:6) (Fig. **[7C](#F7){ref-type="fig"}**, Supplementary Table 3). In turn, alterations of PE molecular profile in 3xTg-AD group are detected by a decay in the relative abundance of diacyl-PE specie at *m/z*770.5(38:2) and 788.6 (40:7) and plasmalogens species at *m/z* 772.5 (p40:7), 774.8 (p40:6), 776.5 (p40:5) and 784.8 o40:2) along with an increased relative abundance of molecular ion at *m/z* 790.8 (40:6) (Fig. **[7D](#F7){ref-type="fig"}**, Supplementary Table 3). CL profile of skeletal muscle from nonTg and 3xTg-AD mice with 12 months of age is shown in Fig. (**[8](#F8){ref-type="fig"}**). Single charge \[M-H\]^-^ MS spectra shows that CL profile of skeletal muscle from nonTg and 3xTg-AD mice is represented by three major clusters (Fig. **[8A](#F8){ref-type="fig"}**). Even though the relative abundance of CL is similar in both experimental groups (Fig. **[5](#F5){ref-type="fig"}**), quantitative analysis revealed alterations in individual CL molecular species distribution (Fig. **[8B](#F8){ref-type="fig"}**). Particularly, \[M-H\]^-^ ions at *m/z* 1379.8 (66:0); 1479.8 (74:6); 1551.9 (80:6); 1569.9 (80:3) and 1577.8 (82:13) are increased in 3xTg-AD mice while molecular ions at *m/z*1501.8 (76:9); 1525.9 (78:11); 1555.8 (80:10); 1579.8 (82:12); 1581.8 (82:11) are decreased in these animals (Fig. **[8B](#F8){ref-type="fig"}**). Despite alterations in the quantitative distribution of individual molecular species within the CL class, pathological situation does not affect species diversity neither the fatty acids distribution within each molecular specie (Supplementary Table 4).

DISCUSSION
==========

Alzheimer\`s disease brain pathology is characterized by deposits of amyloid-β peptides and neurofibrillary tangles and by other metabolic alterations that include the disruption of redox balance, bioenergetics and lipid metabolism abnormalities and chronic inflammation \[[@R6]-[@R8],[@R45]\]. Additionally, some of those changes including the anomalous APP proteolytic processing and amyloid-β peptide accumulation are not restrict to brain since they are also detected in peripheral tissues (e.g. skeletal muscle) of both Alzheimer's human subjects and animal models of the disease \[[@R3], [@R46], [@R47]\]. In this way, Alzheimer\`s pathology can be considered a systemic disease and the characterization of the phenotype related to peripheral tissues offers the opportunity to identify new biomarkers that may facilitate the early diagnosis of Alzheimer\`s disease \[[@R48]\]. In the present work, 3xTg-AD mice were used as animal model of Alzheimer\`s disease since they have three gene mutations, namely APP~Swe~, PS1~M146V~, and tau~P301L~, which cause the development of the pathological hallmarks of the disease in an age-dependent manner \[[@R32], [@R49]\]. As previously described, mice with 3 months of age are considered to be in a pre-symptomatic stage, at 6 months of age extracellular amyloid-β deposits are detected predominantly in the frontal cortex and, at 12 months of age, both amyloid-beta and tau pathologies are detected \[[@R28],[@R32]\]. Thus, to evaluate the biochemical skeletal muscle changes during the evolution of Alzheimer\`s disease we performed studies in animals with 3, 6 and 12 months of age.

Our results showed that regulation of skeletal muscle activity by acetylcholine may be compromised in 3xTg-AD mice, since a decrease in maximal AChE activity was early and consistently detected during disease progression (Fig. **[1](#F1){ref-type="fig"}**). These results suggest a down-regulation of AChE in 3xTg-AD mice, which can emerge from a compensatory mechanism in response to a defective acetylcholine release from cholinergic neurons in the neuromuscular junction or from morphological and functional changes in neuromuscular synapses related with mutations in the APP gene, as previously described \[[@R50]-[@R52]\]. Since AChE is a membrane bound enzyme, changes in the biophysical properties of plasma membranes of skeletal muscle cells may also contribute to the decrease of its maximal activity.

Regarding the enzymatic antioxidant defenses of skeletal muscle, our results revealed that 3xTg-AD mice have a significant low catalase activity than age-matched controls while no differences were found for SOD activity (Fig. **[2](#F2){ref-type="fig"}**). Therefore, skeletal muscle of 3xTg-AD mice has a lower ability to prevent oxidative stress induced by H~2~O~2~-derived hydroxyl radicals. In agreement, significant reductions in catalase activity and unchanged SOD activity have been also observed in postmortem human Alzheimer\`s disease brains \[[@R53]\]. The evident accumulation of amyloid-β peptides in skeletal muscle of 3xTg-AD mice with 6 and 12 months of age (Table **[1](#T1){ref-type="table"}**) may also contribute to the decrease of catalase activity, since *in vitro*studies have demonstrate that soluble and/or oligomeric forms of amyloid-β peptides interact with catalase decreasing its activity \[[@R54]\]. Until 12 months of age, skeletal muscle of 3xTg-AD mice did not show changes in the redox status of cellular thiols, which *in vivo* are mainly oxidized by peroxides (e.g. peroxynitrite anion, superoxide) and regulated by an enzymatic system that include glutathione reductase and glutathione peroxidase \[[@R55]\].

The bioenergetics analyses revealed that 3xTg-AD mice with 3 and 6 months of age exhibit functional skeletal muscle mitochondria since no significant changes were detected in both RCR and ADP/O indexes (Table **[2](#T2){ref-type="table"}**) nor in the individual activity of key enzymatic complexes linked with oxidative phosphorylation, namely mitochondrial complexes I, II, IV and F~o~F~1~-ATPase (Fig. **[3](#F3){ref-type="fig"}**). However, mitochondrial deficits in skeletal muscle of 3xTg-AD mice became apparent at 12 months of age by a significant decrease of RCR and ADP/O index associated with a decay in complex I activity.

In opposition to what occurs in brain, where synaptic mitochondria dysfunction is already detected at 3 months of age \[[@R7],[@R43], [@R56]\], our observations suggest that the increase in amyloid-β peptide levels in skeletal muscle of 3xTg-AD mice may precede and contribute to skeletal muscle mitochondrial dysfunction. Substantial alterations in mitochondrial structure and function associated with increased levels of amyloid-βin skeletal muscle have been also described in MCK-β APP transgenic mice \[[@R9]\]. Another study has shown a decrease in mitochondrial p-trifluoromethoxyphenyl-hydrazone-uncoupled respiration in single fibers isolated from APP~Swe~/ PS1~DE9~double transgenic mice with 3 months of age. In this Alzheimer's disease mouse model mitochondrial bioenergetics dysfunction occurs simultaneously in both brain and skeletal muscle tissues, these alterations preceding the presence of senile plaques in brain \[[@R57]\]. However, skeletal muscle is a spatial regionalized metabolic tissue that exhibit various fiber types, each one with a dynamic mitochondrial network system containing different populations of mitochondria (*e.g*. subsarcolemmal, perinuclear, interfibrillar) with specific functional morphology largely determined by fusion and fission processes \[[@R58]\]. Thus, the bioenergetics deficit detected in mitochondria isolated from muscles removed from intercostal and legs body regions of 3xTg-AD mice with 12 months, is not necessarily an homogenous effect occurring on all fiber types since it can also emerge from changes in a specific mitochondria population in just one type of fibers reflecting problems in the dynamic mitochondrial network system in skeletal muscle tissue.

Since lipid composition of mitochondrial membranes modulates the activity of their host enzymes and reflects the general metabolic state of the cell, fatty acids profile of skeletal muscle mitochondria were evaluated in nonTg and 3xTg-AD mice in order to detect changes in lipid metabolism putatively connected with aging and Alzheimer\`s disease progression. In healthy animals, aging has a strong impact on the composition of n-3 PUFA characterized by a decrease of short chain fatty acids, C18:3n-3 and C20:5n-3, and an increase of 22 carbons long chain fatty acids, C22:5n-3 and C22:6n-3 (Supplementary Fig. **1**). These alterations, particularly marked between 3 and 6 months, cause an increase in unsaturation and peroxidability indexes (Fig. **[4](#F4){ref-type="fig"}**) with at least two functional consequences i) increased capacity of mitochondrial ATP production, as detected in this work (Table **[2](#T2){ref-type="table"}**) and by others \[[@R59]\], and ii) increased mitochondrial membranes propensity for oxidative processes. The increased activity of antioxidant enzymes SOD and catalase, between 3 and 6 months of age (Fig. **[2](#F2){ref-type="fig"}**), may emerge as a balancing mechanism to avoid the oxidative damage. In 3xTg-AD animals, aging leads to similar n-3 PUFA content changes with increased unsaturation index required to improve the capacity to oxidative energy production (Table **[2](#T2){ref-type="table"}**). However, 3xTg-AD animals appears to be more susceptible to oxidative damage since they are less effective triggering an adaptive response as indicated by low catalase activity (Fig. **[2](#F2){ref-type="fig"}**). Unlike nonTg mice, 3xTg-AD mice are also unable to keep stable the mitochondrial membrane content of C18:0, C18:1 and C20:4n-6 during aging process, suggesting that the lack of lipid metabolism control is associated with Alzheimer's-like pathology developed by those animal. In this way, dysregulation of mitochondrial lipid metabolism in skeletal muscle of 3xTg-AD mice precedes the bioenergetics deficits which may results from oxidative damage and/or mitochondrial toxicity of amyloid-β peptide \[[@R60]\]. Alteration of lipid metabolism was early identified by Dr. Alois Alzheimer as a characteristic of brains suffering from Alzheimer's disease \[[@R61]\]. Currently, it is known that the biophysical properties and dynamic organization of biomembranes can be modulated through molecular mechanisms associated with Alzheimer's disease. Specifically, amyloid-β peptide can interact with cellular membranes impairing their integrity and leading to changes in membrane-dependent signaling pathways. Additionally, dysregulated calcium homeostasis, strictly connected with neurofibrillary tangles formation, can also interfere with phospholipid-metabolizing enzymes (e.g. phospholipases, lipoxygenases) and thus impact on membrane organization and lipid signaling \[[@R62]\]. Thus, we examined the lipidome of skeletal muscle of 12-month-old nonTg and 3xTg-AD mice since at this age, transgenic animals, in addition to the brain hallmarks (amyloid-beta and tau pathologies) of the disease, exhibit alterations in skeletal muscle mitochondrial bioenergetics and increased amyloid-β levels.

HPCL-MS/MS analysis revealed that increased LPC levels in skeletal muscle tissue of 3xTg-AD animals results from a decay of specific PC molecular species from which arachidonic acid was enzymatically removed. Previously, it was shown that cytoplasmic calcium-depend PLA~2~(cPLA~2~) preferentially cleaves arachidonic acid from *sn-2* position of PC \[[@R63]\]. Thus, our data suggest that cPLA~2~ is up-regulated in skeletal muscle of 3xTg-AD mice. Similarly, increased LPC levels and cPLA~2~ activity, were observed in the cerebrospinal fluid of Alzheimer's patients \[[@R64]\]. Increased levels of LPC can perturb membrane biophysical organization \[[@R65]\] interfering with non-amyloidogenic processing of APP with consequent production of amyloid-β peptides well evidenced by the increased amyloid-β~1-40~levels detected in 3xTg-AD mice (Table **[1](#T1){ref-type="table"}**). LPC itself can also activate G protein coupled receptors such as G2A, which is involved in immune cellular responses \[[@R66]\]. In p25Tg mice brain, LPC acts as a molecular signal that mediate glial activation and the recruitment of inflammatory mediators contributing to Alzheimer's-like pathology \[[@R67]\]. Furthermore, free arachidonic acid and its oxidized active metabolites (*e.g*. prostaglandins, thromboxanes and leukotrienes), which play key roles in the inflammatory processes, have been also associated with Alzheimer\`s disease \[[@R62]\]. Amtul and coworkers (2012) combining *in vitro* and *in vivo* studies showed that arachidonic acid and its pro-inflammatory metabolites are involved in the overproduction of amyloid-β~1-40~and amyloid-β~1-42~ and Alzheimer's pathogenesis \[[@R68]\]. In agreement, our results in skeletal muscle support the idea that amyloid-β overproduction and arachidonic acid released from PC molecular species with consequent increase of LPC levels are interconnected events contributing to skeletal muscle dysfunction in 3xTg-AD mice.

Consistent with other studies made in brain \[[@R69]\], cerebrospinal fluid \[[@R64]\] and serum \[[@R70]\], skeletal muscle of 3xTg-AD mice presented a significant decrease of PE levels (Fig. **[5](#F5){ref-type="fig"}**) mainly associated with alterations in PE-plasmalogens species (Fig. **[7](#F7){ref-type="fig"}**). It was proposed that brain PE-plasmalogens deficiency promotes cell membrane instability and link neurodegeneration to cholinergic system dysfunction in Alzheimer\`s brain \[[@R69]\]. Thus, PE-plasmalogens deficiency may have functional consequences on skeletal muscle of 3xTg-AD mice. Lipid metabolism dysregulation in skeletal muscle of 3xTg-AD is also evidenced by minor changes in the profile of anionic phospholipid classes (PS, PI and CL). For example, overall PI content increase in skeletal muscle of 3xTg-AD mice and n-3/ n-6 PUFA ratio decreased as a consequence of alterations in the levels of molecular species at *m/z* 909.5 (18:0/22:6) and 885.6 (18:0/20:4), which are respectively decreased and increased (Fig. **[7](#F7){ref-type="fig"}**, Supplementary Table 3). On the other hand, changes in MS profile of CL of 3xTg-AD mice muscle tissue in relation to age-matched controls (Fig. **[8](#F8){ref-type="fig"}**) reflect mitochondria-specific changes in lipid metabolism, which was also apparent by GC-MS analyses of mitochondrial lipids (Fig. **[4](#F4){ref-type="fig"}**). These alterations may be connected with the bioenergetics deficit and the increased amyloid-β levels in skeletal muscle tissue of 3xTg-AD mice with12 months of age (Fig. **[3](#F3){ref-type="fig"}**, Tables **[1](#T1){ref-type="table"}**, **[2](#T2){ref-type="table"}**).

CONCLUSION
==========

Summarizing the data presented in this study it can be concluded that Alzheimer\`s-like pathology progressively developed by 3xTg-AD mice is not exclusive to brain tissue since several pathologic signs correlated with brain pathology are also detected in skeletal muscle. Deficient AChE and catalase activities were detected in skeletal muscle of 3xTg-AD mice at 3 months of age, prior to brain amyloid-β deposits indicating early changes in skeletal muscle associated with Alzheimer\`s-like pathology. Similarly to the brain, increased levels of amyloid-β~1-40~in skeletal muscle of 3xTg-AD mice is an age-dependent process suggesting that APP amyloidogenic processing is a systemic issue in Alzheimer's disease biology. Additionally, the increased levels of amyloid-β peptides in the skeletal muscle of 3xTg-AD mice precedes and may contribute to mitochondrial dysfunction, which is only detected at 12 months of age and characterized by decreased RCR and ADP/O ratio and impaired complex I activity. Lipidomic studies suggest that the molecular mechanisms used by cells to dynamically adjust the lipid composition of their membranes are dysregulated in skeletal muscle of 3xTg-AD mice. Firstly, the age-related evolution of the mitochondrial fatty acids profile in skeletal muscle tissues of 3xTg-AD mice shows significant differences as compared to nonTg animals, which are particularly apparent at 3 months of age, preceding the increase in amyloid-β peptide levels and bioenergetics deficit. Secondly, at 12 months of age skeletal muscle tissue of 3xTg-AD mice exhibits a prevalent unbalance of phospholipid metabolism, which was detected by a significant decrease in PC and PE-plasmalogens and by an increase in LPC and PI levels. The alterations in phospholipid composition of cell membranes can compromise their dynamic organization and impair the correct functioning of the embedded membrane proteins triggering anomalous cellular processes, including the abnormal APP metabolism promoting the increase in the levels of amyloid-β peptides. Additionally, the increased levels of LPC are immediately linked with a decrease of PC molecular species containing arachidonic acid indicating an enhanced cPLA~2~ activity as well as increased inflammation in skeletal muscle of 3xTg-AD mice. The decrease of PE-plasmalogens associated with a decrease in catalase activity also suggest a decreased antioxidant capacity in skeletal muscle of 3xTg-AD mice compared with nonTg mice. The present study shows that in 3xTg-AD mice, a relevant animal model for Alzheimer\`s disease, a great parallelism exists between the pathophysiological changes occurring in brain and skeletal muscle tissues. These observations support the idea that skeletal muscle biochemical alterations can be used as potential diagnostic biomarker of Alzheimer\`s disease and follow up of changes associated with disease progression.
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AChE =

:   Acetylcholinesterase

APP =

:   Amyloid precursor protein

CL =

:   Cardiolipin

DCPIP =

:   6,6-dichlorophenolindophenol

DTNB =

:   5,5'-dithiobis (2-nitrobenzoic acid

FAME =

:   Fatty acid methyl ester

LPC =

:   Lyso-phosphatidylcholine

MUFA =

:   Monounsaturated fatty acids

NBT =

:   Nitro blue tetrazolium

PC =

:   Phosphatidylcholine

PE =

:   Phosphatidylethanolamine

PI =

:   Phosphatidylinositol

PLA~2~ =

:   Phospholipase A~2~

PS =

:   Phosphatidylserine

PUFA =

:   Polyunsaturated fatty acids

RCR =

:   Respiratory control ratio

SM =

:   Sphingomyelin

SOD =

:   Superoxide dismutase

TLC =

:   Thin layer chromatography

TMPD =

:   *N*,*N*,*N*',*N*'-tetramethyl-1,4-benzenediamine dihydrochloride

TNB =

:   5-thio-2-nitrobenzoic acid

![Acetylcholinesterase (AChE) activity in skeletal muscle homogenates from nonTg (dark circles) and 3xTg-AD (open circles) muscle from mice with 3 **(A)**6**(B)** and 12 **(C)** months of age. AChE data were fitted into a Michaelis-Menten kinetic equation. Errorminimization procedure with a λ2 between successive iterations of ≤0.001%. V~max~ **(D)** and Km **(E)** apparent Michaelis-Menten kinetic parameters of muscle AChE of nonTg and 3xTg-AD groups. Error bars represent standard deviation for 3 independent experiments using 3 animals in each one. \* Significantly different from nonTg group, with p≤0.05.^a,b^ Significantly different from 3 and 6 months of age, respectively, with p≤0.05.](CAR-12-100_F1){#F1}

![SOD and catalase activities and total sulfhydryl content (protein SH groups and reduced glutathione) in the skeletal muscle homogenates from nonTg (black bars) and 3xTg-AD (gray bars) mice with 3, 6 and 12 months of age. Error bars represent standard deviation for n≥3 independent experiments. \*\*, \*\*\* Significantly black bars different from nonTg group, with p≤0.01 and p≤0.001, respectively. a, b Significantly different from 3 and 6 months of age, respectively, with p≤0.05.](CAR-12-100_F2){#F2}

![Mitochondrial complexes I, II and IV and F~o~F~1~ ATPase activities normalized by citrate synthase activity (CS). Black and gray bars represent skeletal muscle mitochondria isolated from nonTg and 3xTg-AD mice, respectively, with 3, 6 and 12 months of age. Error bars represent standard deviation for n≥3 independent experiments using 3 animals in each one. \*Significantly different from nonTg group, with p≤0.05.^a,b^ Significantly different from 3 and 6 months of age, respectively, with p≤0.05.](CAR-12-100_F3){#F3}

![Fatty acid profile of total lipid extract obtained from skeletal muscle mitochondria isolated from nonTg (black bars) and 3xTg-AD (gray bars) mice with 3 **(A)**, 6 **(B)** and 12 **(C)** months of age. C14:0 - myristic acid, C16:0pl - hexadecyl dimethyl acetal, C16:0 - palmitic acid, C18:0 - stearic acid, C14:1 - myristoleic acid, C16:1 - palmitoleic acid, C18:1 - oleic acid, C20:1 - eicosenoic acid, C24:1 - nervonic acid, C18:2n-6 - linoleic acid, C18:3n-6 - γ-linolenic acid, C20:3n-6 - dihomo-gamma-linolenic acid (DGLA), C20:4n-6 - arachidonic acid, C22:2n-6 - decosadienoic acid, C22:5n-6 - docosapentaenoic acid, C18:3n-3 - α-linolenic acid, C20:5n-3 - eicosapentaenoic acid (EPA), C22:5n-3 - docosapentaenoic acid n-3, C22:6n-3 - docosahexanoic acid (DHA). Table **(D)**: general parameters of total lipid extract. SFA, saturated fatty acids; MUFA, monoun-saturated fatty acids; PUFA, polyunsaturated fatty acids; UI, unsaturation index; Perox index, peroxidability index. \*Significant difference between nonTg and 3xTg-AD groups, with p≤0.05.](CAR-12-100_F4){#F4}

![Relative abundance (mol%) of each phospholipid classes in total lipid extract of skeletal muscle tissue from nonTg (black bars) and 3xTg-AD (gray bars) mice with 12 months of age. LPC, lyso-phosphatidylcholine, SM, sphingomyelin, PC, phosphatidylcholine, PI, phosphatidylinositol, PS, phosphatidylserine, PE, phosphatidyl-ethanolamine, CL, cardiolipin. Error bars represent standard deviation for n=3 independent experiments using 3 animals each in each one. The amount of each phospholipid class was calculated by the sum of its individual species identified and quantified by HPLC-MS/MS, as described in methods section. Considering the results as total nmoles of phospholipids per mg of protein in skeletal muscle homogenates: nonTg 107.66±18.30 and 3xTg-AD 90.32±10.20. \*Significantly different from nonTg group, with p≤0.05.](CAR-12-100_F5){#F5}

![Molecular profile of choline lipids extracted from skeletal muscle homogenates of nonTg (black bars) and 3xTg-AD (gray bars) mice with 12 months of age. Typical ESI-MS in positive mode with formation of \[M+H\]^+^ ions of PC, LPC and SM **(A, B)**. Distribution of LPC **(C)**, SM **(C)** and PC **(D)** molecular species. Error bars represent standard deviation for n=3 independent experiments using 3 animals in each one. \* Significantly different from nonTg group, with p≤0.05](CAR-12-100_F6){#F6}

![Molecular profile of PI, PS and PE extracted from skeletal muscle homogenates of nonTg (black bars) and 3xTg-AD (gray bars) mice with 12 months of age. Typical ESI-MS obtained in negative ion mode **(A)** and the respective distribution of PI **(B)**, PS **(C)** and PE **(D)** molecular species. Error bars represent standard deviation for n=3 independent experiments using 3 animals in each one. \*Significantly different from nonTg group, with p≤0.05.](CAR-12-100_F7){#F7}

![Molecular profile of CL extracted from skeletal muscle homogenates of nonTg (black bars) and 3xTg-AD (gray bars) mice with 12 months of age. Typical ESI-MS of CL obtained in negative ion mode **(A)** and the respective distribution molecular species **(B)**. Error bars represent stand-ard deviation for n=3 independent experiments using 3 animals in each one. \*Significantly different from non Tg group, with p≤0.05.](CAR-12-100_F8){#F8}

###### 

Amyloid-β~1-40~ levels in mitochondria-free cytosolic fractions obtained from skeletal muscle homogenates of nonTg and 3xTg-AD mice.

  ----------------------------------------------------------------------
                       3 Months      6 Months         12 Months
  -------------------- ------------- ---------------- ------------------
  **NonTg**\           46.11±8.20    57.38±7.92       56.44±10.45
  (pg/mg of protein)                                  

  **3xTg-AD**\         44.47±11.60   138.02±30.35\*   241.31±35.80\*\*
  (pg/mg of protein)                                  
  ----------------------------------------------------------------------

Results are expressed as mean±std of three independent experiments using 3 animals in each one. \*, \*\* Significantly different from nonTg group, with p≤0.05 and p≤0.01, respectively

###### 

Mitochondrial respiratory parameters.

  ------------------------------------------------------------------------------------------------------------------------
                                        3 Months     6 Months       12 Months                               
  ------------------------------------- ------------ -------------- ------------ ------------- ------------ --------------
  **State 3**\                          18.18±3.26   17.40±2.75     25.38±3.8    24.22±3.52    29.52±3.28   26.15±3.03
  (nmol O~2~/min./mg of protein)                                                                            

  **State 4**\                          3.82±0.45    4.20±0.70      4.26±0.61    4.12±0.48     4.89±0.61    6.38±0.51
  (nmol O~2~/min./mg of protein)                                                                            

  **RCR**                               4.75±1.01    4.14±0.94      5.90±1.24    5.87±1.09     6.03±1.00    4.09±0.58\*

  **ADP/O**\                            1.41±0.40    1.29±0.38      2.07±0.49    1.97±0.44     2.41±0.40    1.94±0.27\*
  (nmol ADP/nATgO/min./mg of protein)                                                                       

  **ATP**\                              92.53±7.67   102.92±13.07   92.46±7.24   88.82±13.67   88.76±4.37   78.42±2.79\*
  (nmol/mg of protein)                                                                                      

  **ADP**\                              15.73±2.67   16.99±3.39     16.42±1.25   16.48±1.38    13.94±1.27   20.59±1.19\*
  (nmol/mg of protein)                                                                                      
  ------------------------------------------------------------------------------------------------------------------------

Results are expressed as mean±std of three independent experiments using 3 animals in each one. ATP and ADP levels determined in the final of respiratory assays. \* Significantly different from nonTg group, with p≤0.05.

[^1]: These authors contributed equally to this work.
